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STABILIZATION OF AN EXISTING SLOPE SUPPORTING UNDERGROUND
STORAGE TANKS AT THE TOP
Saojeev Kumar, Ph.D., P.E.
Geotechnology, Inc.
2258 Grissom Drive
St. Louis, Missouri

Paper No. 2.58

ABSI'RACT
A case history of evaluation and remediation of an existing slope supporting two 15,000-gallon underground storage
tanks at the top of the slope is presented. The slope was constructed more than 20 years ago by placing fill on the side
slope of a valley formed by a creek, without properly benching and clearing the slope prior to placement of the fill.
The slope stability analysis showed that the slope in its existing condition was potentially unstable. The selection of
the remediation technique was relatively complicated because of the presence of underground storage tanks at the top
of the slope, the steepness of the slope, limited space available to mobilize construction equipment, and presence of
overhead utilities. Various options were considered for remediation of the slope and the option of the installation of a
rock buttress was selected and constructed.
KEYWORDS
Rock Buttress, Slope Failure, Slope Stabilization

INTRODUCTION

PROJECT AND SWPE DESCRIPTION

Structures are frequently constructed on natural or
man-made slopes. The behavior of structures near
slopes is generally different from those constructed on
flat ground surface. Failure of a slope, with or without
a structure on the slope, can result in disaster.
Therefore, proper evaluation of an existing or a new
slope is one of the most important factors in successful
performance of the project for its intended purposes.
This paper presents a case history involving evaluation
and remediation of an existing slope supporting two
15,000-gallon underground storage tanks, and a onestory building with a walk-out basement at the top edge
of the slope. The slope was constructed more than 20
years ago but the underground storage tanks were
constructed relatively recently.

The project site is located in Fenton, Missouri. The
facility includes a one-story building with a walk-out
basement, a canopy covered pump islands, and two
15,000-gallon underground storage tanks.
The
horizontal surface at the top of the slope is asphalt
paved, except around the pump islands and over the
fuel tanks where concrete pavement was used. Some
residential units exist at the bottom, near the toe of the
slope. The existing slope adjacent to the facility is
approximately 29 feet high, and was terraced with
several trees, bushes, and a series of approximately 4foot high railroad tie retaining walls before remediation
of the slope. A storm water ditch existed at the toe of
the slope. Overhead utilities existed approximately
along the toe of the slope. Figure I shows the plan of
the site.
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F1gure 1. Site Plan and Topography

The building on the site is approximately 20 years old
and is reportedly supported on drilled piers bearing on
rock. The underground storage tanks were constructed
approximately five years ago. The owner of the
facility reported some cracks in the asphalt pavement at
the top of the slope and in the concrete pavement which
covered the underground fuel tanks.
The cracks
traverse diagonally across the pavement from the curb
line at the top of the slope to a point at approximately
the middle of the building. The approximate location
of the cracks is also shown on Figure I. The ground
surface at the vertical vent pipes of the underground
tanks was observed to be 3 to 4 inches lower than
when the pipes were last painted. Some settlement of
the sidewalk in front of the building was also reported.
Some cracks were visible on the west side-wall of the
building near the southwest corner. It appears that the
southwest corner of the building had settled as much as
I to 2 inches.
At the time of the field reconnaissance, the slope varied
from approximately I Horizontal on 1 Vertical
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(1H: IV) to 2H: 1V. The railroad tie walls were
displaced and were severely tilted down slope. The
sides of the storm water ditch at the toe of the slope
had eroded to nearly vertical resulting in a localized
slide at the toe of the slope aligned with the
underground storage tanks.
The U.S.G.S. topographical map for the area shows
that the facility was constructed on the side slope of a
valley formed by a creek. The original hillside sloped
downward with a vertical drop of more than 100 feet.
It appears that the building and the pump islands were
constructed on fill placed on the original sloping
surface.

FIELD EXPWRATION

The field exploration consisted of drilling seven
borings at the top of the slope and excavating two test
pits at the bottom of the slope. The approximate
locations of the borings and test pits are shown on
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Figure I. The borings were designated as B-1 through
-7 and the test pits were designated as TP-1 and -2.
More test pits could not be excavated at the bottom of
the slope because of limited space to mobilize the
equipment.

material appeared to have low shear strength and
moisture contents were between 23 and 30 percent. At
some locations, SPT blow counts measured were
relatively high because of the resistance from pieces of
wood and other fill material.

The field exploration was conducted in three different
stages during the course of the project because of
reasons beyond the scope of discussion of this paper.
Originally, Borings B-1 through -4 and Test Pits TP-1
and -2 were completed to determine the existing soils
conditions. Borings B-5 and -6 were then drilled to
determine the quality of rock which was not cored in
the original subsurface exploration. In the last stage of
field exploration, Boring B-7 was drilled and Borings
B-2 through -4 were re-drilled (very close to the
Soil
previous locations) to install inclinometers.
samples were obtained in the field, continuously with
depth, using Standard Penetration Tests (SPT's) and
Shelby tubes. Rock was cored using NX wireline
coring procedures.

Medium stiff to stiff, brown and gray silty clay to clay
with occasional traces of weathered limestone was
encountered below the black silty clay which in turn
was underlain by rock consisting of hard, gray, finely
crystalline limestone. The silty clay to clay was
moderate to high plastic with moisture contents
The unconfined
between 22 to 30 percent.
compression strength (q.) was approximately 1.4 tsf.
A typical soil profile at the location of Boring B-2 is
shown in Figure 2.
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Four PVC inclinometer casings, designated as
Inclinometers INCL-1 through -4, were installed at the
top of the slope, in Borings B-7, and -2 through -4,
respectively, to monitor movement of the existing
slope. The inclinometer casings installed were 2:
inches in diameter. The annular space between the
casing and hole walls was backfilled with a cement
bentonite grout mix.
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Too of the Slope. Below asphalt over base course, the
top 15 to 25 feet of soil stratum consisted of fill. The
fill was medium stiff to stiff, yellowish brown, silty
clay to clay with traces of gravel except in borings
drilled adjacent to the existing underground storage
tanks (Borings B-2,-3, and -5) where pea gravel was
encountered to depths of 2 to 8 feet below the existing
ground. The silty clay to clay fill had moderate to high
plasticity (liquid limit ranging between 45 to 51) with
moisture contents in the range of 16 to 33 percent.
The unconfined compression strength (q..) was
measured to be approximately 1.2 tons per square foot
(tst).
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The silty clay fill was underlain by a layer of soft,
black silty clay with traces of wood and tree roots.
This layer of silty clay appeared to be the natural top
soil over
which fill might have been placed. This
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Bottom of the Slooe. Two test pits were excavated at
the bottom of the slope. Borings could not be drilled
because of limited space to mobilize a drill rig. The
soil stratum observed in the test pits generally
consisted of medium stiff, reddish brown clay with
traces of gravel. In Test Pit TP-2, medium stiff,
brown and gray shaley clay was encountered below the
reddish brown, silty clay. Backhoe bucket refusal on
rock or boulders occurred at depths of 5 and 3 feet
(approximate elevations El 65 and El 58) in Test Pits
TP-1 and -2, respectively. The clay has high plasticity
with moisture contents in the range of 27 to 40 percent.
A zone of soft, black silty clay with traces of wood
was not encountered at the bottom of the slope.
Groundwater was not observed in the borings and
testpits during the subsurface exploration program.
SOIL PARAMETERS ASSUMED FOR THE
ANALYSIS
The project budget did not allow enough testing of
soils to determine engineering soil properties.
Therefore, soil properties were based on the index
properties of soil, unconfined compression tests, and
published correlations (NAVFAC, 1982, Bowles,
1997).
The soil properties used for long term,
effective stress analysis are given below.
Unit
Weight
f.y> pcf

Cohesion
(c) psf

Friction
Angle
<4>> degrees

Brown silty clay
to clay fill

120

250

20

Black silty clay
with traces of wood

110

50

10

Brown silty clay
to clay

125

250

20

Material

EVALUATION OF S£ABILITY OF THE
EXISTING SWPE
Based on the topographical information shown on the
U.S.G.S. map for the vicinity of the site, and soil
conditions encountered at the time of subsurface
exploration, it was concluded that the fill was placed
on the side slope of a valley formed by a creek. The
presence of a soft layer of black, silty clay with woods
Fourth International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

and tree roots suggested that the slope surface was not
properly prepared before placing the fill.
The
condition of the slope and whether the slope was
properly benched prior to the placement of the fill were
not known.
To evaluate the stability of the slope at its present
geometric configuration, a critical section, shown as
Section A-A on Figure I, was selected. A slope
stability computer program UTEXAS2 (Wright 1986)
was used to perform the stability analysis. Both the
circular and non-circular failure surfaces were
considered in the analysis. The non-circular failure
surface was selected such that it passes through the
soft, black silty clay layer and extends up to the top
where the surface cracks were observed.
As discussed earlier, a layer of soft, black, silty clay
with woods and tree roots was encountered in the
borings drilled on the top of the slope. This soil layer
was not observed in the test pits excavated at the
bottom of the slope. Therefore, for analysis purposes,
this layer was assumed to slope downward from the
depth at which it was encountered at the top of the
slope down to the toe. The approximate slope of this
layer was assumed to be 6.5H: IV.
The approximate cross section of the existing slope at
the critical section considered for the analysis, and the
critical failure surfaces are shown in Figure 3. The
factor of safety of a critical circular failure surface
obtained for the existing slope is 0.86 and for the noncircular failure surface the factor of safety obtained is
0.87.
These factors of safety were considered
inadequate, and therefore, it is was concluded that in
its present configuration, the slope is potentially
unstable.
SWPE REMEDIATION
Several options were considered to reduce the potential
of slope failure at this site.
These options are
discussed below:
1.

A single continuous reinforced concrete
retaining wall at the toe of the slope and
flattening the slope above the retaining wall.

2.

Two retaining walls, one at the toe of the slope
an the other anywhere near the mid-height of
the slope.
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Figure 3. Approximate Cross-Section of the Existing Slope at Critical Section and Failure Surfaces
3.

A rock buttress at the toe of the slope.

4.

A nearly continuous wall of drilled piers.

The selection of an option for remediation of the slope
was relatively complicated because of the presence of
underground storage tanks at the top of the slope, the
steepness of the slope, limited space available for
mobilization of construction equipment, presence of
overhead utilities along the toe of the slope, access
required in the adjacent property for construction of
remediation scheme and mobilization of the equipment,
and potential for failure of slope during construction.
Construction from the top of the slope was not
considered feasible because of the likelihood of slope
becoming unstable under the influence of heavy loads
of construction equipments.
Keeping in mind the factors discussed above, Options I
and 2 were considered unsuitable for stabilizing this
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slope because these options required continuous
excavation along the slope to construct the wall. In
order to minimize the disturbance to the existing slope
from construction activities, Option 3 or 4 or a
combination of the two was considered to be
appropriate and were evaluated further.
Rock Buttress. The approximate geometry of the
buttress selected for remediation of the slope, at the
critical section is shown on Figure 4. In selecting the
geometry of the rock buttress the following criteria was
used.

•

The slope of the surface of the rock buttress and
the soil should be 1 Vertical on 1.5 Horizontal
(IV: 1.5H) or flatter.

•

The slope of the excavated surface of slope should
be 0.85V: IH or flatter.
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F1gure 4. The Approximate Geometry of Rock Buttress at the Critical Section and Failure Surfaces
with Rock Buttress

•

The rock buttress should intersect the existing
potential failure surface by a minimum of 5 feet.

•

The rock buttress should be keyed into the
underlying rock by at least 2 feet in the area of
steep slope and by at least 1 foot in the remainder
area to be remediated to provide lateral stability

The factors of safety for a critical circular failure
surface and the selected non-circular failure surface
obtained with the rock buttress were 1.4 and 1.9,
respectively. In calculating these factors of safety no
pore pressures were assumed in the soil. Therefore, it
was recommended that the slope be protected from
saturation by providing appropriate surface and
subsurface drainage, wherever required. The existing
storm water ditch along the toe of the slope was
recommended to be replaced with a storm water pipe to
protect the toe from erosion.
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Drilled Piers. As shown on Figure 1, the property line
exits approximately half way on the slope. Originally,
it was planned to confine construction in the Client's
property. With the location of the property line as
such, installation of a rock buttress within the Client's
property was not possible for stabilizing the slope.
Therefore, an option was considered to construct a
nearly continuous wall of drilled piers along the
property line. It was recommended that the drilled
piers be 36-inch diameter or larger, spaced at 4.5 feet
center-to-center or less.
The slope above the top of the drilled piers was
recommended to be stabilized by compacted fill as
shown in Figure 5. Heavy lateral forces were
recommended to be resisted by rock socketing the piers
and by installing rock anchors, if required.
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The cost comparison of the two options (construction
of rock buttress and drilled pier wall) showed
significantly high costs involved with the installation of
drilled pier wall because of structural design of drilled
piers and difficulty in mobilizing construction
equipment to install drilled piers.
Therefore,
of
a
rock
buttress
was
considered
the cost
construction
effective and easy to construct option, and was selected
for remediation of the slope.

ROCK BU'ITRESS CONSTRUCTION

The following recommendations were developed for
construction of the buttress.

•

•

The rock buttress should consist of 12-inch minus,
quarry run crushed rock placed in relatively thin
layers and compacted using vibratory equipment.
Prior to placement of the crushed rock, the
subgrade in the excavated area should be covered
with a geotextile fabric, Mirafi 600X or equivalent,
to prevent migration of fines into the crushed rock
buttress.
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•

Adequate and proper drainage should be provided
for the rock buttress so that water accumulation is
prevented. Use of low strength cement-bentonite
and flyash grout may be used to fill the voids in the
undrained portion of the rock buttress.

An important consideration in the construction of the
rock buttress was not to excavate too large an area so
as to jeopardize the stability of the existing slope. It
was recommended that no more than I0 lineal feet of
the slope be excavated at any time along the slope, and
that any excavation opened should be filled with the
rock buttress material immediately, the same day. It
was also recommended that no excavation remain
unfilled or open overnight. To minimize the potential
for any slope failure or sloughing during construction,
it was recommended that the construction be carried
out when no rains are expected.
Designed geometry of the rock buttress was developed
at four sections along the slope to facilitate
construction.
Construction of rock buttress was
completed in June 1997 and is performing
satisfactorily.
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0

The slope in its present condition appears to have
inadequate factors of safety and is potentially
unstable.
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